Background: The contribution of hepcidin as a regulator of iron metabolism & erythropoiesis on the severity of anemia in sickle cell disease (SCD) remains poorly characterized, especially in Sub-Saharan African populations. The aims of the study were to determine if hepcidin is associated with severity of steady-state anemia in SCD and to investigate factors associated with hepcidin and anemia in SCD. Methods: Archived samples from 199 Tanzanian children, 56% boys aged 3-18 with laboratory-confirmed SCD were analysed based on recorded averaged steady-state hemoglobin (ASSH) quartiles (lowest vs. highest). Univariable and multivariable logistic regression was used to assess associations with ASSH quartiles. Findings: In univariable analysis, hepcidin b5·5 ng/mL was associated with increased odds of being in the lowest ASSH quartile (OR 2·20; 95%CI 1·2-3·93) but which was limited to girls (OR 4·85, 95%CI 1·79-13·09, p = .046 for interaction). In multivariable analyses including either reticulocyte percentage or erythropoietin, lower hepcidin remained significantly associated with lowest ASSH quartile, although the hepcidin-sex interaction no longer reached statistical significance. No associations with ASSH quartile were observed for markers of inflammation, hemolysis or potential iron markers except for microcytosis, associated with higher ASSH, but which was confounded by reticulocyte percentage and alpha-thalassaemia status. Interpretation: Hepcidin is lower in more severely anaemic children with SCD independent of inflammation or markers of erythropoiesis.
Introduction
Sickle cell disease (SCD) is one of the most common inherited diseases with the majority of the burden occurring in Sub-Saharan Africa and India, settings where iron deficiency is also common. [1] SCD has EBioMedicine 34 (2018) [158] [159] [160] [161] [162] [163] [164] ⁎ Corresponding author at: London School of Hygiene & Tropical Medicine, London, UK.
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Research in Context
Sickle cell disease (SCD) is one of the most common inherited disorders globally, affects hemoglobin production, and is a major cause of child mortality and poor health, most prominently in Sub-Saharan Africa. Anemia is a defining feature of SCD, but the relative causes of the degree of severity are incompletely understood. Hepcidin downregulates iron absorption and supply to tissues in inflammation and infection and levels decrease when iron is limited or red cell production is increased or under low oxygen conditions. In this study, we show that low hepcidin was associated with severe anemia in children with SCD, independent of markers of inflammation or erythropoietic drive and that this effect appeared to be limited to girls. 
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EBioMedicine j o u r n a l h o m e p a g e : w w w . e b i o m e d i c i n e . c o m P a range of clinical manifestations, including anemia from increased hemolysis. [2] SCD is also associated with an increased risk of mortality, contributing significantly to under-five mortality in Sub-Saharan Africa. [3] Low iron status has not been considered a significant contributor to the degree of severity of anemia in SCD as it is assumed that iron absorption would increase to meet the increased erythropoietic need. Furthermore, as children with SCD may receive repeated blood transfusions, iron overload is more of a concern. [4] An increased understanding of the regulation of iron metabolism, and in particular the role of hepcidin a 25-amino-acid peptide hormone synthesized by hepatocytes as a key negative-feedback regulator of iron status, suggests that sickle-related processes of increased erythropoiesis and inflammation may have conflicting effects on hepcidin and hence iron status. [5] Hepcidin blocks iron absorption across the gut and iron efflux from the reticuloendothelial system. Hepcidin expression is increased by inflammation and results in a hypoferremic state, which is an important antiinfective response. [6] Hepcidin expression is decreased by erythropoiesis and hypoxia, thereby increasing iron absorption and release of body iron to meet increased erythron demand. [6] The contribution of iron deficiency to anemia in patients with SCD living in areas where nutritional iron deficiency anemia is common is unknown. The measurement of iron status is complicated by chronic inflammation and increased erythropoiesis that confound biomarkers of iron status. [7] The relative, quantitative effects of these processes compared to iron status on iron markers are not known. Limited data regarding sensitivity and specificity of iron markers in SCD exist. Low serum ferritin is specific for iron deficiency but in SCD has low sensitivity due to effects of inflammation. [8] Transferrin saturation is decreased in iron deficiency but can also be decreased by the hypoferremic acute phase response to infection and inflammation. The gold standard method of iron staining in bone marrow biopsies is rarely conducted; but in one small study in 60 Indian SCD adult patients, 28% were reported to have absent stainable iron in bone marrow aspirates. Importantly, although the specificity of ferritin b30 ng/mL for iron deficiency by bone marrow was 99%, the sensitivity was only 32%, indicating iron deficiency may be present at higher ferritin concentrations in this condition. [8] The severity of anemia in SCD may also be affected by the coinheritance of other SCD modifying polymorphisms, including the α-thalassaemia 3·7 deletion and glucose-6-phosphate dehydrogenase (G6PD) deficiency [9] . Co-inheritance of α-thalassaemia in SCD modifies red cell indices and results in decreased hemolytic markers. [10] In some reports, it has also been associated with effects on total hemoglobin and steady-state hemoglobin level. [11] G6PD deficiency results in decreased capacity to reduce oxidized glutathione via NADPH, and thus the reduced ability of red cells to counteract oxidant stress. [10] G6PD deficiency (A-genotype) in sickle cell anemia is associated with lower hemoglobin but not increased hemolysis. [12] Iron deficiency in non-SCD populations is associated with reduced cognitive development and function and in SCD may increase the severity of anemia, with consequent reduction in quality of life and survival. [13, 14] Paradoxically, there are reports that patients with SCD in irondeficient states may have better SCD-related clinical outcomes. [15, 16] Levels of hemolysis and steady-state hemoglobin level have been used to differentiate severity of disease in SCD. [17] Here, we sought to determine if hepcidin is associated with lower or higher average steady-state hemoglobin (ASSH) level in children with SCD; and to evaluate how such an effect might be mediated.
Methods

Study Design and Population
The study was conducted in children enrolled in the Muhimbili Sickle Cohort (MSC) in Dar-es-Salaam, Tanzania who regularly attended the outpatient clinic between 2006 and 2009. [14] Samples were selected for analysis from children in the lowest or highest average (over 12 months) steady-state hemoglobin (ASSH) quartile within their age group (HbQ1 or HbQ4). Selecting comparison populations based on usual hemoglobin status, rather than hemoglobin on a single day, reduced potential variability. Prospectively collected and archived steady-state plasma and serum samples were selected as per the criteria outlined below from children aged 3-18 years on the day of sample collection. At that time, routine penicillin prophylaxis and pneumococcal vaccination had not been implemented and no children were on regular blood transfusions. Venous blood for blood counts and peripheral oxygen saturation (SpO 2 ) using pulse oximetry (Nelcor Haywood, CA or Masimo Radical, Irvine CA, USA) were routinely collected at these clinic visits. The definition of steady-state for selection of blood samples to be assessed for the laboratory investigations and for the calculation of ASSH was defined as a routine scheduled outpatient clinic visit in the absence of recorded pain, fever (temperature N 37·4°C), or current/ recent malaria infection (malaria rapid test or slide positive). Samples were further excluded if hospitalization was known to have occurred within a month of sample collection, or were probable HbSβ + . Otherwise, all individuals were HbSS diagnosed by quantification of hemoglobin fractions performed by high performance liquid chromatography (HPLC) using the β-thalassaemia Short Program on the Variant I analyser (BioRad, Hercules, CA, USA).
Laboratory Procedures
Blood counts (Pentra 60, Horiba ABX, Kyoto, Japan) were routinely collected on EDTA samples. Fetal hemoglobin was quantified using HPLC. At annual visits, serum samples were collected for routine clinical chemistry analyses (Roche Cobas Mira, New York or Abbott Architect, New York, USA) as part of MSC follow-up and included liver function tests; aspartate transaminase (AST), alkaline phosphatase (ALP) and direct and indirect bilirubin, plus lactate dehydrogenase (LDH) as a marker of hemolysis. Remaining plasma and serum samples were archived at −80°C. Serum ferritin, serum iron, transferrin, C-reactive protein (CRP) and α-1 acid glycoprotein (AGP) were measured in archived samples in batches on an automated analyser (Roche Cobas Mira, New York). Plasma erythropoietin (EPO) and soluble transferrin receptor (sTfR) were measured using ELISA (R&D systems) as per manufacturer's instructions. Plasma hepcidin was measured with a competitive ELISA (Hepcidin-25 [human] EIA Kit, Bachem) by a trained laboratory scientist using an adapted method as published elsewhere. [18] Hepcidin:transferrin saturation and hepcidin: ferritin ratios were calculated as surrogate measures of hepcidin expression on circulating and stored iron respectively, as previously described [19, 20] . All samples were analysed in the Muhimbili Sickle Cohort research laboratory in Muhimbili National Hospital, Tanzania. Standards and samples were analysed in duplicate or triplicate (hepcidin). Samples with readings outside the standard curvilinear region were repeated at appropriate dilutions. Sample results with a coefficient of variation over 10% (≥12% for hepcidin) were repeated.
Co-inheritance of potential SCD modifying genotypes including α-thalassaemia genotype for the 3·7 deletion and The 202-and 376-single nucleotide polymorphisms (SNPs) (rs1050828
, the combined inheritance resulting in the A-phenotype of glucose 6-phosphate dehydrogenase (G6PD) deficiency were assessed as previously reported. [9] 
Statistical Analysis
Data were analysed using Stata IC (StataCorp LP v14·1). Adjustment for within individual clustering for repeated samples was accounted for using robust standard errors. Statistical significance was set as p ≤ 0·05. Missing data of ≥5% per variable with a pattern of missingness that was random or completely random was imputed using chained equations and n = 20 imputation sets. [21] Univariable analysis accounting for repeated observations in some individuals was performed using logistic regression. Results were reported as odds ratios with associated 95% confidence intervals. Continuous variables were checked to ensure that they fulfilled linearity assumptions on regression. If this was not the case, then a strategy of transformation using fractional polynomials was employed in order to avoid categorizing variables. [22] Results were scaled as necessary to present interpretable data. Dataset was also tested for possible effect modifications.
Multivariable analysis was performed, with a variable selection strategy stratified to include at least one variable from each of the major biological processes known to influence SCD processes. This stratification included variables describing a general inflammatory state, iron metabolism, and reticulocyte percentage or serum erythropoietin as a marker of erythropoietic drive. Logistic regression was performed as the primary multivariable modelling tool, adjusted for age and sex.
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Results
A total of 269 samples were analysed from 199 children (Fig. 1) . Fifty-nine children had a second sample, and 11 children had a third sample included in the analysis. The range of hemoglobin for ASSH levels in the two quartile groups was 5·2-6·7 g/dL in the HbQ1 group and 8·1-10·6 g/dL in the HbQ4 group (Fig. 1) . Hemoglobin assessed at the same timepoint as the biochemical measurements was outside the ASSH range for 8% of those in HbQ4 and 9% of those in HbQ1 group.
Univariable analysis of the two ASSH quartile groups by age, sex, markers of potential iron status, red cell indices, markers of inflammation and hemolysis, erythropoietin, hepcidin, SpO 2 , α-thalassemia genotype, G6PD status, and fetal hemoglobin level are shown in Table 1 . Boys were significantly more likely to be in the more severely anaemic HbQ1 group (OR 2·40; 95%CI 1·28-4·50), but age was not associated. Inflammatory markers did not differ between ASSH quartile groups. None of the measured potential iron markers were associated with particular ASSH quartiles. The proportions of children classified as iron deficient by serum ferritin b30 g/L, were 11% and 7% in the most severely anaemic HbQ1 and least severely anaemic HbQ4 groups respectively (p = 0·301), compared to 16% and 15% with transferrin saturation b 16% in the HbQ1 and HbQ4 groups respectively (p = 0·574). Microcytosis was more common in the less anaemic HbQ4, 60% compared to 39% in HbQ1 (p = 0·002). The HbQ1 group was at higher odds of increased reticulocyte percentages compared to the HbQ4 group (OR 1·05, p = 0·036). The proportion of children with hepcidin levels below 5·5 ng/mL, previously shown to indicate iron deficiency and increased iron utilisation in Gambian children, was significantly higher at 73% in the most anaemic HbQ1 group compared to 55% in HbQ4 group (P = 0·007). [18] Both the hepcidin/ferritin and hepcidin/transferrin saturation ratios were lower in the HbQ1 group (OR 0.72, p = 0.003 and OR 0.71, p = 0.003 respectively).
Increased serum EPO was associated with increased odds for HbQ1 (OR 1·009; 95%CI 1·00-1·02). None of the measures of hemolysis were associated with HbQ group. A higher SpO 2 was associated with decreased odds of being in the HbQ1 group (OR 0·72; 95%CI 0·63-0·83). Hepcidinb5·5 ng/mL was associated with increased odds of being in the HbQ1 group (OR 2·20; 95%CI 1·23-3·93). Co-inheritance of an increasing number of α-thalassaemia mutations showed a trend for decreased odds of being in the Hb1Q group with two deletions having a significant protective effect (−α/−α deletion -OR 0·21; 95%CI 0·07-0·58), whilst increased fetal hemoglobin levels were similarly associated with decreased odds (OR 0·74; 95%CI 0·66-0·84). The number of α- Fig. 1 . Flow chart of study population and sample analysis. thalassaemia deletions was also associated with microcytosis (43% one deletion, 36% two deletions).
The results of multivariable analyses of quartile groups are shown in Table 2 . Adjusted for age, sex, ferritin, inflammation and reticulocyte percentage or erythropoietin levels, low hepcidin levels were independently associated with increased odds of being in the more severely anaemic HbQ1 group. In addition, we tested for a potential interaction between low hepcidin and sex and observed a significant interaction in which the odds of low hepcidin being associated with severe anemia was limited to females (OR 4·85, 95%CI 1·79-13·09 in girls vs 1·44, 95%CI 0·71-2·92 in boys) with a Mantel Haenzel test for heterogeneity of p = 0·046. Although this effect remained present in the multivariable model, the interaction term was not statistically significant.
We investigated how hepcidin is associated with markers of known pathways affecting its expression, and whether these differed by quartile group by assessing associations between hepcidin with inflammatory markers (Fig. 2 A & B) , erythropoeitin (Fig. 2C) , and SpO2 (Fig. 2D) . and between hepcidin and ferritin levels, in the absence and presence of inflammation (Fig. 2E & F) .
There were no associations between age and sex on hepcidin concentrations. Hepcidin was positively associated with serum ferritin (r 2 = 0·4, P b 0·001), which did not differ by quartile group, with similar slopes of the two regression lines. When the association between hepcidin and ferritin for each quartile group was examined in the presence or absence of inflammation, there were no apparent differences (Fig. 2 E&F) . Hepcidin levels also significantly increased with increasing inflammation (CRP; r 2 = 0·12, p b 0·001), and did not differ by quartile group. Hepcidin was not associated with EPO levels (r 2 = −0·01, p = 0·15), with no evidence of difference between the quartile groups. Finally, there was no evidence of an association between hepcidin and SpO 2 (r 2 = 0·0002, p = 0·826) (Fig. 2D ).
Discussion
It is important to determine the aetiology of severe anemia in SCD patients at steady-state to improve management and develop targeted interventions. We observed that low hepcidin levels were associated with more severe anemia, occurring in the absence of differences in possible iron markers between the groups. Thus, despite the limitations of iron markers in SCD, we can tentatively conclude that high hepcidin levels, and an inability to absorb and incorporate iron, are not likely to be a proximal cause of more severe anemia in this population. As expected, increased reticulocyte percentage was associated with more severe anemia but inflammation was not associated.
Hepcidin in African children without SCD has been suggested as a potential marker to indicate both low iron status, and the ability to receive and utilize iron supplements in anaemic African children. [18, 23] Using the same cut off as in this study, more children in HbQ1 group had low hepcidin. Considering the proportion of children with inflammation, the proportion of children with hepcidin below this cut off was high in both groups (73% vs 55%). We do not know how hepcidin may relate to iron status in our SCD population. High levels of erythropoiesis or hypoxia may be expected to override the effect of inflammation to keep hepcidin low, but this is not supported by our observation of limited associations between hepcidin and EPO, CRP or SpO 2 . EPO might not be the best marker of erythropoietic drive as it does not take into account EPO sensitivity and therefore reticulocyte percentage may be a better indicator of erythropoietic response. However, the association between low hepcidin and anemia status was largely unchanged when adjusting for either of these markers. It remains unclear why the association between low hepcidin and more severe anemia was limited to girls. The majority of the study population were pre-pubertal, as puberty and menarche are significantly delayed in SCD, thus making it less likely that there was more true iron deficiency in girls due to menstruation. It would be instructive to measure the EPO-stimulated, erythroblast-derived hormone erythroferrone, which supresses hepcidin. Erythroferrone is increased in humans after EPO administration, and in thalassaemic patients, but levels in SCD are as yet unknown; we would hypothesise it may be elevated in the most anaemic patients if they are undergoing increased erythropoiesis. [24] There was a strong correlation between hepcidin and ferritin (r 2 = 0·4, p b 0·001) and only a weak association with inflammatory markers. If hepcidin levels are low, and probably in the order of the current cut off, children should be able to absorb and utilize available iron in the diet if it were required.
The prevalence of low serum ferritin (b30 μg/L) in our total study population was 9·4%. It is possible that more children have low body iron stores than this figure suggests, as low serum ferritin is highly specific but insensitive for iron deficiency in SCD when assessed by bone marrow aspirate staining. [8] When limited to children without low-grade or severe inflammation this increased to 17·5%, similar, to the prevalence associated by transferrin saturation. In Yemeni children with SCD the prevalence of low serum ferritin was 25% when using the criteria
[25] If we used these same criteria, the prevalence of low serum ferritin in our population would be 10·5%, suggesting that these cut-offs do not adequately deal with the effect of inflammation on ferritin. The observed increased MCV and decreased proportion of microcytosis in the HbQ1 group may result from an increased rate of erythropoiesis in this group, as indicated by greatly increased EPO, and from less frequent coinheritance of α-thalassaemia deletions which are associated with microcytosis. From the observations of the potential iron markers we can conclude that either: (i) iron deficiency although present in some children is not contributing to degree of anemia, or; (ii) these iron markers are not adequately capturing iron status in our SCD population. We propose that the 2nd option is the more likely. Dietary assessment of iron intakes might be helpful to assess if low-bioavailable iron diets are contributing to anemia severity in this population.
Few previous studies have attempted to characterize iron marker or other parameters and hepcidin in patients with sickle cell disease. Similar to our results, in a SCD cohort of adults in Holland, it was reported 5/ 16 (HbSS/SC & HbSβ 0 ) had serum hepcidin levels below the normal range (measured by mass spectrometry, b1 mmol/L), and these tended to be in patients with lower ferritins and more severe anemia. [20] In American adults, serum hepcidin in heavily transfused SCD patients had a similar degree of correlation with serum ferritin but a larger negative correlation with EPO (r 2 = −0·34, p-0·03), which in our dataset, did not reach statistical significance -possibly due to the extremes of hemoglobin concentration resulting from our study design. [26] Our approach of selecting samples from children at the extreme ranges of averaged steady-state hemoglobin has limitations compared to analysing samples from across the range of hemoglobin, but this design was selected as the most parsimonious in the context of the very little available information in SCD at the time.
Low averaged steady state hemoglobin levels were associated with high EPO, increased reticulocyte %, lower SpO 2 , the absence of coinheritance of α-thalassaemia deletions, and lower levels of fetal hemoglobin. No association was seen for G6PD mutations. In Jamaican SCD patients Serjeant et al. reported α-thalassemia status, sex and fetal hemoglobin to be associated with hemoglobin levels. [11] The relationship between erythropoietin and anemia in SCD has been previously documented in an American SCD cohort. [27] Previous uncontrolled trials of iron supplementation in SCD have shown moderate responses in hemoglobin to iron supplementation in children with possible iron deficiency, defined as either low transferrin saturation, low MCV for age or low ferritin. [28, 29] Limited case reports have suggested that relative iron deficiency in adults may be clinically beneficial by decreasing rates of sickling episodes due to lower per cell hemoglobin concentration. [16] α-thalassaemia is also hypothesized to be protective in this manner, by reducing concentration dependent polymerization of HbS. [30] Thus, lower iron status could counterintuitively result in higher total hemoglobin in SCD. Therefore, it would be essential to carefully monitor the effects of giving iron to assess the relative advantages and risks. Targeting young children, who are most at risk of iron deficiency from diets low in bioavailable iron and low iron stores, at birth would seem sensible. Additionally, these children should also be receiving penicillin prophylaxis and effective anti-malarials (in malaria endemic areas) to reduce a potential effect of an increased risk of infection and its effects with and without hydroxyurea assessed. [3, 31] In conclusion, we have shown that in children with SCD, lower hepcidin levels are associated with lower steady-state hemoglobin, independent of EPO or reticulocyte % and markers of inflammation. Factors significantly associated with hepcidin levels were serum ferritin and CRP, although neither of these were independently associated with anemia. Future studies are required to further characterize the relationship between hepcidin, erythropoiesis and anemia, and to directly assess the effect of iron supplementation in SCD on hepcidin levels and iron absorption with a view to establish its role in the management of SCD and possible iron deficiency.
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